The GRACE (Gravity Recovery and Climate Experiment) satellite mission provides global time-series of the Earth's gravity field. In view of limited resolution and noise from the GRACE data, various filtering techniques have been developed to extract an optimal signal. There is no conclusion on the best filter method so far, however. On the other hand, terrestrial gravity observations from superconducting gravimeters (SGs) provide variations of the gravity field with very high accuracy and time resolution, but only at single points. The aim of this study is to compare GRACE-derived temporal gravity variations with gravity time-series within a network of six Central European SG stations. Empirical orthogonal functions (EOF) analysis was applied to detect common signal characteristics over a 3 yr period (2004)(2005)(2006). rms Differences between the time-series of several GRACE solutions amount to 60 per cent of the rms variability of the individual data sets. The rms differences between the SG and GRACE time-series are about 70 per cent of the rms value of the SG observations. The best agreement between SG and GRACE is obtained when using a Gaussian filter with filter lengths of 800-1250 km for the GRACE data. With the EOF analysis, a common regional signal can be deduced from all gravity data sets. Nevertheless, differences in the first EOF among the GRACE solutions were up to 40 per cent, and differences of up to 50 per cent were found between the SG-based terrestrial and the GRACE-based satellite observations.
I N T RO D U C T I O N
Observation of time-variable gravity is of increasing significance to geosciences such as geophysics and climate research. In particular two kinds of time-variable gravity data with opposing spatial characteristics are important: the global time-variable GRACE (Gravity Recovery and Climate Experiment) gravity field models and the locally recorded gravity time-series of superconducting gravity meters.
The GRACE satellite mission (Tapley & Reigber 2001 ) is a joint NASA (National Aeronautics and Space Administration) and DLR (Deutsches Zentrum für Luft-und Raumfahrt) project. This gravity satellite mission has been running since 2002 March. Meanwhile 10 yr of GRACE data are available. The GRACE mission provides global estimates of the mean and time-variable gravity field of the Earth. The time-variable GRACE gravity field solutions are particularly useful for detecting mass redistributions on the Earth's surface, such as ice melting in Greenland, Antarctica and Alaska (e.g. Luthcke et al. 2006a; Velicogna & Wahr 2006; Tamisiea et al. 2007) . To reveal such results with sufficient reliability, however, it is necessary to suppress the noise of the GRACE gravity field solutions. This noise reduction is typically achieved by smoothing the individual GRACE gravity field solutions in the spatial domain using post-processing filter techniques. Discussions on the best filter algorithms to detect mass variations (e.g. continental water storage variations) in the temporal gravity field variations are still ongoing, however, and we offer our study as a contribution to this discussion.
The overall accuracy of the time-variable GRACE gravity field series is roughly a few micro-Gal (10 −6 Gal = 10 −8 m s −2 ). Since superconducting gravimetry observations have a reliable long-term stability and since they are also of µGal accuracy, it makes sense to compare the GRACE-based gravity variations locally with superconducting gravity recordings. Furthermore, such a comparison should be capable of investigating the effect of the filter techniques applied on the GRACE data. In this context Crossley & Hinderer (2002) introduced the idea that the superconducting gravimeter (SG) network in Europe may provide a kind of ground truth for the GRACE satellite mission. In their study, they used 190 d of SG data (1997 July to 1998 January, sampling rate 1 hr) from eight European stations and they found a high correlation between the time-series of these six stations. Hinderer et al. (2006) and Neumeyer et al. (2006b) compared seasonal gravity changes derived from GRACE, with global hydrological models and SGs measurements. They found quite a good agreement within these time-series. Crossley et al. (2004 Crossley et al. ( , 2009 , Neumeyer et al. (2008) and Weise et al. (2011) applied empirical orthogonal functions (EOF) to detect dominant signals in the satellite-derived time-series and the terrestrial gravity data.
One important difference between these mentioned studies is that Crossley et al., in 2004 and , used a spatial interpolation algorithm for the terrestrial gravity data sets, before applying the EOF analyses, while Neumeyer et al. (2008) and Weise et al. (2011) introduced the terrestrial data directly into the EOF analyses Our own study is based on the studies by Neumeyer et al. (2008) and Weise et al. (2011) and performs a continuation and widening of the investigations of these authors. Now, not only are the GRACE solutions from GFZ included, but also the CSR and JPL time-series, in comparisons with the SG data. Furthermore additional filters have been applied.
In our study we applied two different kinds of analyses to both data types: (1) To get a first indication of the agreement between the data sets, simple comparisons of correlation coefficients and rms values, for monthly data sets and for the time-series of differences between the SG and the GRACE time-series. (2) To compare the spatial and temporal characteristics of the time-series between these data, the EOF approach has been applied.
DATA

Superconducting gravimetry data
The SG is the most sensitive gravimeter presently available for the continuous monitoring of temporal variations in the Earth's gravity field. Its time-domain accuracy for long periods can be estimated as 0.1 µGal (Hinderer et al. 2007) . It is a relative gravimeter and has a stable drift rate of typically a few micro-Gal per year. To verify the stability of the calibration factor and to ensure the long-term reliability of the data, the observations need to be verified with repeated absolute gravimeter (AG) measurements. Presently, there are about 30 SG stations worldwide. These stations constitute the so-called Global Geodynamics Project (GGP) network (Crossley et al. 1999) , which began in 1997. Among others, the objectives of this project are (1) to detect the Earth's core modes, which would provide information about the geodynamo, (2) to study longterm phenomena, such as polar motion and postglacial rebound and (3) to investigate mass redistribution phenomena.
The area of central Europe where 10 SG stations with long-term observations are located is well suited to our study, due to the closely distributed sites with distances between 225 and 880 km. This is a good precondition for the comparison of terrestrial gravity observations with satellite-derived gravity variations. Six SG stations, Bad Homburg (BH) in Germany, Medicina (MC) in Italy, Moxa (MO) in Germany, Strasbourg (ST) in France, Vienna (VI) in Austria and Wettzell (WE) in Germany, have been chosen for this study because of the good quality of their data and the long-term and stable observations. The location of these six SG stations is given in Fig. 1 this study, since the data from all six stations were available only for this period.
Typically, raw SG data have a sampling rate of 1 s. The GGP database provides a time-series with a sample rate of 1 min. These data are filtered and decimated by the site operators without applying any corrections (repair-code 00). During the pre-processing, spikes, steps, larger disturbances, for example, related to large earthquakes or maintenance work, were eliminated and the short gaps were filled with model values. Data with higher temporal resolution of 5 resp. 10 s were used instead of GGP data to improve the quality of the pre-processing to reduce tidal effects almost completely from the gravity time-series, a tidal analysis was performed for each station. After restoring the preliminary tidal model, which was applied during the pre-processing steps, effects caused by atmosphere and ocean loading were reduced using the models listed in Table 1 . Then a set of tidal frequencies (Tamura 1987) up to periods of 29 d was analysed (Wenzel 1996) for each station. Long periodic tides were added later based on the theoretical model of Dehant et al. (1999) . The tidal model was then applied and the temporal resolution of the time-series was further reduced to a 1 hr sampling rate using appropriate anti-alias filters. Finally, the effect of polar motion was eliminated. In Table 1 all models are listed. With this process comparability with the GRACE-based gravity variations is ensured, taking the different impacts of the individual gravity effects on terrestrialand space-born observations into account.
The terrestrial gravity observations are very sensitive to local mass redistributions mainly from local hydrological variations. Typically most of the effect originates from a zone of about 250 m around the gravimeter in a hilly area (e.g. Hokkanen et al. 2006; Weise et al. 2009; Creutzfeldt et al. 2010a,b) . Models were applied to evidently affected stations (MO, ST, VI and WE), to eliminate local hydrological effects from the SG time-series, MO, ST and VI are "subsurface" stations, where local mass variations occur above and below the gravity sensor. For the MO station, a 3-D hydrological model was developed and used (Naujoks et al. 2010) . The included area is 2 × 2 km 2 and soil water storage, groundwater storage, snow storage and interception storage were used for the computation. The local hydrological effect at ST was estimated by using precipitation data and the consideration of evapotranspiration for a computation area of 40 × 50 m 2 . For the VI station, hourly precipitation, snow depth, air temperature and global radiation data were used, as provided by the Central Institute for Meteorology and Geodynamics (ZAMG). The incorporated area has a diameter of 1 km. The local hydrological model for the WE station has been developed by Creutzfeldt et al. (2010a,b) . Water storage changes were calculated using soil moisture measurements and groundwater level variations. An area of 4 × 4 km 2 around the station was included in the modelling, considering the spatial distribution of mass changes along the topography (Creutzfeldt et al. 2008) .
For the stations at BH and MC, local hydrological corrections were not applied because no significant local effects were expected at either location. Station BH is situated in a mainly sealed urban area on a rock. A very low pore volume of the bedrock with almost no fissures, in conjunction with the well-drained or sealed surrounding area, might cause only small water storage changes within the radius of influence for local attraction effects. Station MC is located in the Po river plain with intensive agricultural use in its vicinity. It can be assumed that irrigation and drainage of the neighbouring farmland alters or compensates for largely natural changes in the local water storage. The residual gravity time-series at both stations show mainly seasonal variations not exceeding 3 µGal in amplitude. This agrees well with attraction and deformation effects computed from global hydrological models .
After the mentioned pre-processing steps and reductions, the obtained gravity residuals were averaged to monthly values, making them comparable with the GRACE time-series. It should be noted, that a significant outlier in the obtained SG monthly time-series of WE in 2005 January was removed and interpolated beforehand.
GRACE gravity time-series
GRACE products are routinely generated by three different institutions of the GRACE Science Data System (SDS): (1) the Center for Space Research (CSR) at the University of Austin/Texas (Bettadpur 2007) , (2) the GFZ German Research Centre for Geosciences in Germany (Flechtner 2007) and (3) the Jet Propulsion Laboratory (JPL) in Pasadena/California (Watkins & Yuan 2007) . The main GRACE time-variable gravity products provided by these three processing centres are time-series of monthly global gravity field models given in terms of spherical harmonic coefficients. The Groupe de Recherches de Géodésie Spatiale (GRGS) at the French Centre National d'Etudes Spatiales (CNES) in Toulouse/France also provides monthly GRACE gravity field models. GRGS/CNES produces GRACE gravity field time-series of a temporal resolution of 10 d as well (Lemoine et al. 2007; Bruinsma et al. 2009 ). The highest temporal resolutions of the presently published GRACE gravity field time-series have the daily solutions from the Bonn University (Kurtenbach et al. 2009 ) and the 7 d solutions from GFZ (Flechtner et al. 2010) .
In this study we included the monthly GRACE gravity time-series from the three SDS institutions; that means we used the three independently generated Release 4 GRACE Level-2 products from GFZ (Flechtner 2007) , CSR (Bettadpur 2007 ) and JPL (Watkins & Yuan 2007) . The maximum degree/order of the GFZ and JPL monthly solutions is 120, but it is only 60 for the CSR solutions. All these data sets from 2002 To filter the monthly gravity field models in the spatial domain, various filter types have been developed for this purpose. An isotropic Gaussian filter that is used widely nowadays was proposed by Wahr et al. (1998) and is based on an algorithm of Jekeli (1981) . Kusche (2007) and Kusche et al. (2009) developed a non-isotropic filter using a decorrelation algorithm. Han et al. (2005) found that using a non-isotropic filter rather than an isotropic one yields a higher spatial resolution, and improves the correlation of the smoothed GRACE-derived signal with geophysical models (e.g. hydrological model, ocean circulation model).
In this study, two types of filter were considered. One is an isotropic Gaussian filter. We used radii of 330, 400, 500, 660, 800, 1000, 1250 and 1600 km for the Gaussian filter length, and an optimal radius was determined from the point of view of the terrestrial gravity observations. The other filter is the non-isotropic one presented by Kusche (2007) and Kusche et al. (2009) . This filter reduces the north-south error structure in the GRACE solutions much more than the Gaussian filter (Kusche 2007 ). We have used three different smoothing factors of a = 1 × 10 14 (DDK1), a = 1 × 10 13 (DDK2) and a = 1 × 10 12 (DDK3) in the eq. Kusche (2007) , and DDK1 is the strongest filter among them.
To compare the terrestrial SG observations with the satellitederived variations, it is necessary to take into account the heightinduced loading effect that is additionally contained in the SG data. This part has been modelled applying the degree-dependent load Love numbers and Green's functions, and has been added to the GRACE gravity time-series. Detailed explanations on the computation of the loading-induced height effect can be found in Neumeyer et al. (2006b, eq. 15, and 2008, eq. 1) , which result in the following expression:
In this formula, (ϕ, λ) are spherical geocentric coordinates (latitude, longitude) of the computation point, R is the mean radius of the Earth, GM is the gravitational constant times mass of the Earth, l, m are the degree and order of the spherical harmonics, l max is the chosen maximum degree for the calculations (l max < ∞) and h l is the degree-dependent load Love Number (Farrell 1972 ). Fig. 2 shows a general comparison of the time-series of SG gravity residuals, the CSR, GFZ and JPL GRACE solutions with Gaussian filter length of 1000 km applied, and a GFZ GRACE solution after applying the decorrelation filter DDK1, all of them covering a period of 6 yr.
C O M PA R I S O N O F T I M E VA R I A B I L I T Y D E D U C E D F RO M S G A N D G R A C E
In all these plotted time-series, seasonal variations can be seen with maximum signal in winter/spring and minimum signal at the end of summer. From this general annual comparison, it is found that the time-series of the SG data and the GRACE solutions (from GFZ, CSR and JPL), with two different filters applied, are basically in accordance. Visible differences also exist, however, among the time-series. For instance, the largest discrepancy of about 4 µGal is found at WE station between the time-series of SG and the GFZ and JPL GRACE-derived gravity variations during 2005 January. For evaluation, the overall rms and correlation coefficients have been computed (see Section 3.2).
Additionally, the differences between the GRACE solutions are not negligible. The amplitudes of the GRACE solutions based on the DDK1 filter are slightly larger than for the data based on the Gaussian filter length of 1000 km. The differences between the GFZ and JPL solutions reach around 2 µGal in 2007 January. The systematic discrepancies are not easily seen in detail from Fig. 2 , however.
Different GRACE solutions were therefore compared, to estimate the discrepancies between the GRACE solutions at the SG sites (Section 3.1). In this further step, the influence of the chosen filter version on the agreement between SG and GRACE was investigated. After choosing the appropriate filter, an investigation ensued into what common signal could exist with respect to the whole of central Europe.
Comparison between the GRACE-derived gravity variations
To clarify the level of the basic agreement between the GRACE monthly solutions provided by the different processing centres, we calculated the rms values for individual GRACE time-series (Table 2) , overall rms values of differences [rms(diff)] and correlation coefficients between corresponding GRACE solutions (Fig. 3) .
First of all, rms values for all data sets are calculated. Let
denote a time-series at the location i (i = 1, . . . , k). Taking into account the mean value of the time-series
we denote:
then, the rms of the time-series X i is
The overall rms values
are computed using the time-series for all the considered stations.
The correlation between the time-series X i and Y i at the station iis The overall correlation is defined by
The rms(diff) between GFZ and CSR, for instance, means that the rms value of difference between the gravity variation derived by GFZ and CSR is computed. Table 2 shows a comparison of the rms values of the SG residuals and of three different GRACE solutions filtered with de-correlation filters DDK1 to DDK3, and a Gaussian filter of different lengths, for evaluation of the highest agreement with respect to the filter length. Overall rms values for all stations are also shown. From this table, the effect of the different filters, in particular the impact of different filter lengths can be seen. The filter lengths are related to the smoothing of the time-series. The tendency of the Gaussian filtering is as expected. This means the signal power for all GRACE solutions increases when the filter length is shorter.
The rms value after the application of the most effective decorrelation filter (DDK1) is of the same order of magnitude as for Gaussian filters of filter lengths between 500 and 660 km. Table  2 ); (2) rms values of the signal differences [rms(diff)] between two of the respective GFZ, CSR and JPL solutions; and (3) overall correlation coefficients for the monthly time-series.
The rms(diff) values between GFZ and CSR, as well as between GFZ and JPL, show similar variations and similar values, except after applying the DDK3 filter. This discrepancy is caused by the JPL solution after applying the DDK3 filter, because for this solution the overall rms value increases more than twice. The DDK3 filter is so weak in comparison to the other filters, that such different variations are imaginable. The rms(diff) between CSR and JPL are slightly larger than those between GFZ and CSR or GFZ and JPL. The rms(diff) applied to the time-series filtered by a Gaussian filter of lengths between 660 and 1600 km and with the DDK1 filter, accounts for around 50 per cent of the overall rms values of the original monthly GRACE gravity variations.
The overall correlation coefficients between GFZ and CSR vary between 0.50 and 0.94 while those between GFZ and JPL are in the range of 0.45-0.93. CSR and JPL overall correlation coefficients vary between 0.43 and 0.92. It is clearly seen, when the DDK3 filter is used, that the overall correlation coefficients have the lowest values, and when Gaussian filters of medium lengths (between 660 and 1600 km) are applied to the GRACE solutions, these values are relatively high.
The rms(diff) between GRACE solutions reaches almost 60 per cent of the individual signals (including noise), although the source of the original signal is the same. Thus we assume that differences in the data processing at the different GRACE processing centres (e.g. the estimation techniques used at each centre, differences in the modelling of satellite tracks, different treatment of numerical problems or differences in the background environmental modelling) should be responsible for these discrepancies.
This fact should be also taken into account when comparing the temporal variations between GRACE solutions and the SG data in the next section.
Comparison between the SG-and GRACE-derived gravity variations
First, the rms values of monthly SG-and GRACE-derived gravity variations have been compared (Table 2 ). The closest rms values between both data sets are found for a Gaussian filter length between 1250 and 660 km, except for the WE station. This is because the SG data at WE have the largest rms value among all the SG stations. This value (1.91 µGal) is nearly double the value at MO (1.11 µGal, Table 2 ). In the work of Neumeyer et al. (2008) , the same tendency was found. The rms value for SG in WE was 2.35 and for MO 0.87. For the GRACE solutions, however, such a discrepancy between WE and MO is not found, either in this or in the above-mentioned previous study.
The next investigation looked at which kind of filter and filter parameter, when applied to the GRACE solutions, resulted in the highest agreement between satellite and SG data. In Fig. 4 , overall rms (µGal) values of differences [rms(diff)] and correlation coefficients between SG residuals and corresponding GRACE solutions are considered. Fig. 4 shows that the lowest rms(diff) values between the SG and the GRACE data are found generally for Gaussian filter lengths between 800 and 1600 km. In this range, these rms(diff) values amount to 70-80 per cent of the rms values of the SG time-series. However, it should be taken into account that the discrepancies between GRACE solutions account for around 60 per cent of the original GRACE-derived gravity variations.
The correlation coefficients between the SG and GRACE solutions vary between 0.67 and 0.72 in the range of Gaussian filter lengths between 800 and 1600 km. The overall correlation coefficients of JPL for this filter range are slightly higher than for the other two solutions.
The results for Gaussian filter lengths between 800 and 1600 km are in good agreement with SG data.
The GRACE time-series smoothed with a Gaussian filter of 330 or 400 km length, or with a DDK3 filter, show smaller overall correlation coefficients and larger overall rms(diff) values than those with Gaussian filters of medium length. The reason for this is that the GRACE solutions filtered with a Gaussian filter length of 330 km, 400 km or filter DDK3 still contain considerable errors (stripesnoise) within the high-frequency signals, represented by the higher degree spherical harmonics of the GRACE solutions.
In Neumeyer et al. (2008) , the correlation coefficient of 0.77 between the SG time-series and the GRACE solution for WE station was calculated by using GFZ solutions with a Gaussian filter length of 660 km. In this study, a value of 0.65 was obtained. A test calculation showed that the different time periods were not the main reason for this discrepancy.
Hence, the differences are probably caused by different corrections for local hydrology used in the two studies. Neumeyer et al. (2008) applied a simple regression based on groundwater level variations and concluded that a local hydrological model based on total water storage changes should be developed. Accordingly, an extended local hydrological model by Creutzfeldt et al. (2010a,b) Figure 4. Overall rms of data set differences in micro-Gal and overall correlation coefficients between SG and GRACE gravity variations (different processing centres, details see text) with different filter types. was used in this study. It considers water storage changes of snow, of unsaturated soil layers including saprolite down to 13 m depth and of groundwater. The model uses hourly precipitation, reference evapotranspiration and snow height as its inputs. The model parameters were calibrated using the Monte Carlo procedure and represent the interaction between atmosphere and soil. This procedure was also used for controlling the water storage in soil, saprolite and groundwater. Local hydrological measurements (soil moisture and groundwater) as well as the residual gravity variations were used as performance indices. In general, it can be assumed that local water storage changes are at least partly coherent with regional changes due to similar physiographic and climate conditions and weather patterns. Thus, the comprehensive local hydrological model removes part of the regional hydrological variations from the SG observations that are observed by GRACE. This is the reason why we found a different tendency for the rms values for WE between SG and GRACE data sets: While Neumeyer et al. (2008) give an rms value of 2.35 for WE, we found a value of 1.91 (see Table 2 ). This decrease of the SG rms value for WE supports our hypotheses. That means that the separation of local from regional and global hydrological effects should be taken into account very carefully, as already noted in Neumeyer et al. (2008) .
On the other hand, Neumeyer et al. (2008) have derived a correlation coefficient of −0.09 for the MO station. In our study, a correlation coefficient of 0.85 is found. This improvement is only a result of the more sophisticated local hydrological model available at this location (Naujoks et al. 2010) , which we applied to the gravity data. In Neumeyer et al. (2008) no local hydrological reduction was considered at the MO station.
Summarizing, it is found that applying a Gaussian filter with a length between 800 and 1600 km to the GRACE data delivers good agreement between GRACE-and SG-derived gravity variations. Based on these findings, we are searching for common characteristics between the SG and the GRACE data for the area of central Europe.
C O M M O N C H A R A C T E R I S T I C S O F T I M E -VA R I A B L E G R AV I T Y AT T H E I N C L U D E D S G S TAT I O N S
In this study the conventional EOF analysis based on the covariance matrix was used. Detailed explanations can be found, for example, in Preisendorfer (1988) or Wilks (1995) . For the calculations the FORTRAN software distributed by David W. Pierce (Scripps Institution of Oceanography) (Pierce 2010) was used.
The EOF analysis has been applied separately to the SG residuals and the GRACE-derived variations. This means that each input file consisted of 36 monthly values from 2004 January to 2006 December for each of the six SG stations (i.e. 216 values per one input file). Based on the results from the correlation coefficients and the rms values (Section 3.2), only GRACE data smoothed with a Gaussian filter of 1000 km filter length were taken into account here.
First we checked how many EOF modes contain significant contributions to the signal. Fig. 5 shows the signal fractions (in per cent) for the modes 1-3 for the SG and GRACE time-series of GFZ, CSR and JPL.
Mode 1 as obtained from the SG time-series for six stations contains 70 per cent of the signal content of the monthly data. In the case of the GRACE data, mode 1 contains more than 90 per cent of the full data content (including signal and noise). The EOF modes 2 and 3 for the SG stations still contain 12 and 10 per cent, respectively, of the total data content for the six SG stations (Fig. 5) .
Since mode 1 for the GRACE solutions, and modes 1-3 for the SG observations, contain more than 90 per cent of the total signal content (including noise), we focus on these first three modes.
The results for the eigenvectors are shown in Fig. 6 , as well as the related principal components for modes 1-3 of the SG data, and mode 1 of the GRACE data.
It is obvious from a comparison of the eigenvectors of mode 1 (Fig. 6a) that the eigenvector components obtained from the SG data show significantly larger values for WE than those found for GRACE. The WE component is highest (Fig. 6a ) in the mode 2 eigenvector, and the corresponding values for the other stations are negative. This means that mode 2 of the SG residual for WE has reverse variation with respect to the other SG stations. The eigenvector of the SG EOF mode 3 contains variations which are anticorrelated between VI, WE and BH on the one hand and ST, MC and MO on the other hand (Fig. 6a) . The SG mode 3 shows similar tendencies with a value of around 0.5 for MC and ST, −0.6 for VI and −0.2 for WE. The values for MO and BH are around zero (Fig. 6a) .
Represented in Fig. 6(b) , is the appearance of EOF mode 1 of the different GRACE solutions, in terms of variation of the principal components obtained from our EOF analysis. In the next step, the signals of mode 1 have been computed by multiplying the principal component with the corresponding component of the eigenvector associated with each station. Fig. 7 allows a comparison between the SG data and the three GRACE solutions after applying a Gaussian filter of 1000 km filter length and, respectively, (a) the monthly original gravity variations for the six SG stations and (b) the signals of mode 1 for the six stations. The obtained rms values of mode 1 for each data type and station are shown in Table 3 . It is evident that the four types of time variations in mode 1, Fig.  7 (b) fit better together than those in Fig. 7(a) .
The largest rms values for mode 1 (Table 3 ) are found at (1) the WE station with a value of 1.62 µGal for the SG data, (2) the VI station for the GRACE solutions provided by GFZ (value of 1.54 µGal) and CSR (1.48 µGal) and (3) at the MC station for the JPL solution (1.54 µGal).
To estimate the size of the discrepancies between the signals of EOF mode 1, the rms values for the time-series of the differences [rms(diff)], and the correlation coefficients between the signals of mode 1 for the GRACE solutions, are given in Table 4 (a). Those for the SG and the GRACE solutions are shown in Table 4 (b).
In Fig. 7(b) , discrepancies between the signals of mode 1 for the GRACE solutions are not that pronounced, however, the rms(diff) between the mode 1 signals of GRACE solutions (Table 4a) The correlation coefficients for EOF mode 1 between SG and GRACE solutions (Gaussian filter length of 1000 km) are all around the same value of 0.86 ± 0.02 (Table 4b ). This is in contrast to the corresponding values for the original full signals (Fig. 4) (Table 4b) . These rates are 20-40 per cent smaller than those of the differences between the full signals [e.g. in the case of the original time-series for a Gaussian filter length of 1000 km, the rms(diff) values vary from 40 to 102 per cent, relative to the rms values of full signals]. The signals of mode 1 between the SG and the GRACE time-series fit better together than the original monthly variations. This means that the first EOF mode reflects large-scale gravity signals that are seen both by GRACE and the SGs.
The SG EOF modes 2 and 3 of the SG data contain about 20 per cent of the complete gravity variations (Fig. 5) . The most general signal content for all included stations has been decomposed to mode 1. It is of interest however, what kind of signals are remaining in modes 2 and 3 (Fig. 8) . Fig. 8(a) shows that the EOF mode 2 contains a strong signal at WE, which is particularly obvious at the beginning of 2005 and Table 4 . rms of signal differences in µGal and the correlation coefficients between the EOF modes 1 of (a) the GRACE solutions after applying the Gaussian filter of 1000 km length and of (b) the SG and the GRACE solutions after applying a Gaussian filter of 1000 km length. The last two columns contain the overall rms(diff) and the correlation coefficients. around 2006 March. The appearance of this signal correlates with exceptionally heavy snowfall during this period, which was probably not completely modelled. Compared with other components of this eigenvector, the one belonging to WE is significantly high (0.82). The conclusion is that the EOF mode 1 represents the European large-scale time-variable gravity signal, and the main stationspecific variations deviating from mode 1 are decomposed into modes 2 and 3. It is of interest what factors are related to the SG EOF modes 2 and 3. Thus, further investigation should be done using EOF analysis applied to additional data sets, for instance soil moisture data (water storage) from hydrological models.
C O N C L U S I O N S
To evaluate the GRACE solutions by using terrestrial SG observations, we first compared GRACE solutions of different processing centres with two types of filters of different lengths, respectively, strengths. Overall rms values for monthly variations and for timeseries of differences between GRACE solutions, as well as overall correlation coefficients, have been considered. As expected, the signal and noise power for the GRACE solutions increases when the filter length is shorter. The rms values for time-series of differences between GRACE solutions reach around 60 per cent of the rms values of the original variations. These discrepancies within the GRACE solutions are larger than expected. Since the main features in the GRACE-derived time-series are similar, the correlation coefficients between different GRACE solutions are around 0.8.
The non-isotropic filter with the strongest filter effect (DDK1) results in a power of the same order of magnitude as obtained with Gaussian filters between 500 and 660 km in length.
For a cluster of six European SG stations, comparisons of terrestrial SG gravity variations with the GRACE-derived gravity changes, show that these changes are in general comparable with the terrestrial gravity variations. This has been already shown in previous studies. Comparisons of overall rms values and overall correlation coefficients between SG and GRACE data show that the highest correspondence is obtained when using an isotropic Gaussian filter with lengths between 800 and 1600 km.
An EOF analysis has been used to discover dominant and common signals in the gravity data sets. This investigation shows clearly that the dominant signal for the cluster of six SG stations can be separated out from the original monthly variations. Higher modes are also separated, and these may contain regional and remaining station-specific signals. This conclusion is based on results from the comparison of rms(diff) and correlation coefficients between original monthly data and the signals of EOF mode 1. However, there are still differences of up to 40 per cent between the mode 1 signals in the GRACE solutions (Gaussian filter length of 1000 km). Furthermore, the rms of differences between the SG and the GRACE solutions are between 40 and 60 per cent with respect to the rms of SG.
For future investigations, additional GRACE solutions should also be evaluated, for example, those provided by the Bonn University (Mayer-Gürr 2007) , by GRGS/CNES (Bruinsma et al. 2009) and by the NASA/GSFC team (Luthcke et al. 2006b ). Additionally, the investigated area should be extended to include other regions (e.g. southern hemisphere). Concerning the EOF results, further research is necessary. For instance, it would be interesting to look for geophysical interpretations of the signal content in SG modes 2 and 3. Clarification would come from finding a similar pattern as seen in SG modes 2 and 3, from EOF analysis applied to additional data sets (e.g. soil moisture data or water storage models).
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